Loss of DNA mismatch repair (MMR) causes genomic instability by markedly increasing the frequency of sporadic mutations in both coding and noncoding sequences. Little is known about how loss of MMR affects sensitivity to the mutagenic effect of chemotherapeutic agents. We wanted to determine how loss of MMR affects the ability of cisplatin, a known mutagen, to generate human tumor cell variants resistant to other drugs with which cisplatin is commonly combined in treatment regimens. We compared the ability of cisplatin to produce variants resistant to topotecan, gemcitabine, and paclitaxel in two pairs of MMR-proficient and -deficient cells that included sublines of the human colon carcinoma cell line HCT-116 and sublines of the human endometrial adenocarcinoma cell line HEC59. Cells were exposed to increasing concentrations of cisplatin for 1 h, and the surviving population was tested for the frequency of variants resistant to these single molecular target drugs 10 days later. The frequency of variants increased linearly with cisplatin concentration for all three drugs. Cisplatin was 2.6 Ϯ 0.3-(S.D.), 3.6 Ϯ 0.9-, and 2.3 Ϯ 0.1-fold more potent at producing topotecan-, gemcitabine-, and paclitaxel-resistant variants in the MMR-deficient than in the MMR-proficient HCT116 cells (P Ͻ .05 for all). Cisplatin was 1.4 Ϯ 0.3-and 1.4 Ϯ 0.4-fold more potent at generating topotecan-and gemcitabine-resistant variants in MMR-deficient HEC59 cells than in MMR-proficient HEC59ϩch2 cells. Cisplatin was not more potent in generating paclitaxel-resistant variants in the MMRdeficient HEC59 cells. Spontaneous rates of generation of cells resistant to these three drugs were also measured in the HCT116 sublines. MMR-deficient HCT116 cells exhibited rates of generation of resistant variants that were 1.94-and 1.51-fold higher (P Ͻ .05) than those in the MMR-proficient cells for topotecan and gemcitabine, respectively; loss of MMR had no effect on the rate of generation of variants resistant to paclitaxel. We conclude that the loss of MMR increases the ability of cisplatin to generate variants resistant to topotecan, gemcitabine, and possibly paclitaxel and that MMR also plays a role in controlling the spontaneous rate of generation of variants resistant to topotecan and gemcitabine.
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Mismatch repair (MMR) is a postreplicative DNA repair process that corrects single-base mismatches and small mismatched loops in DNA by removing such errors from the newly synthesized strand (Parson et al., 1993) . Loss of MMR results in genomic instability that is associated with a marked increase in the mutation rate throughout the genome. For example, loss of MMR increases the rate of mutation in the hypoxanthine guanine phosphoribosyl transferase (Bhattacharyya et al., 1994) , APRT , APC (Huang et al., 1996) , transforming growth factor receptor-␤II subunit , BAX (Rampino et al., 1997) , BRCA1, and c-myc genes (Wooster et al., 1994) and at microsatellite sequences in a myriad of locations. The elevated mutation rate provides a pool of mutants on which selection can act during tumor development (Umar and Kunkel, 1996) . Loss of MMR due to mutation of MSH2 or MLH1 underlies the majority of cases of hereditary nonpolyposis colon cancer identified to date (Fishel et al., 1993; Leach et al., 1993; Papadopoulos et al., 1994) . Although a single functional copy of these genes is sufficient to sustain normal MMR activity, at some point during the oncogenic process the remaining wild-type allele is somatically mutated so that the cells lose all MMR function (Leach et al., 1993; Hemminki et al., 1994; Liu et al., 1995) . The resulting genomic instability likely predisposes to additional genetic changes that are required to create a fully malignant colon cancer, such as the activation of oncogenes or the inactivation of tumor suppressor genes (Liu et al., 1995) . Loss of MMR function is also common in a variety of sporadic cancers, including endometrial, ovarian, breast, prostate, lung, and pancreatic cancer (see review in Fishel and Kolodner, 1995) .
In addition to being involved in carcinogenesis, loss of MMR is of concern with respect to the use of chemotherapeutic agents to treat established tumors. Loss of MMR produces drug resistance directly by impairing the ability of the cell to detect adducts in its DNA that mimic base mismatches. For example, loss of MMR causes high-level resistance to the antimetabolite 6-thioguanine (Griffin et al., 1994) , moderate levels of resistance to the methylating N-methyl-NЈ-nitro-Nnitrosoguanidin (Kat et al., 1995) , and low-level resistance to the platinum-containing drugs cisplatin and carboplatin (Fink et al., 1997) in cell lines cultured in vitro. These agents cause cell death via apoptosis. The triggering of the apoptotic response requires the cell to be able to recognize the presence of the damage in DNA produced by these anticancer drugs. The current hypothesis is that when MMR is disabled, the cell cannot sense DNA lesions and cannot generate signals that eventually result in apoptosis. Thus, such cells may survive on the basis that they are tolerant of adducts in their DNA (Fishel et al., 1993) .
Cisplatin is a highly effective chemotherapeutic agent with activity in a wide spectrum of tumors, but it is a mutagen in bacterial (Yarema et al., 1994 (Yarema et al., , 1995 and mammalian (Turnbull et al., 1979; Wiencke et al., 1979; Johnson et al., 1980; Cariello et al., 1992) cells. The most abundant lesions produced in DNA are intrastrand cross-links between the N7 atoms of adjacent purines; 65% of adducts are in GpG sequences, 25% are in ApG sequences, and 6% are in GpNpG sequences (Eastman, 1986) . Such adducts halt the progress of DNA polymerases when they are present in the lagging strand, but mutagenic translesional bypass occurs at a significant level on the leading strand and results in the misincorporation of nucleotides opposite the intrastrand adducts (Hoffmann et al., 1996) . Intrastrand guanine-guanine adducts themselves and compound lesions consisting of the adduct and a misincorporated base on the opposite strand are recognized and processed by the MMR system (Duckett et al., 1996; Yamada et al., 1997 ). In the current study, we sought to determine whether loss of MMR enhances the ability of cisplatin to generate clones resistant to other drugs with a known single molecular target that are commonly used in combination with cisplatin. We report here that MMR-deficient cells are more sensitive than MMR-proficient cells to the ability of cisplatin to generate variants that are resistant to topotecan, gemcitabine, and paclitaxel.
Materials and Methods
Reagents. Cisplatin and paclitaxel were gifts from Bristol-Myers Squibb (Princeton, NJ). A stock solution of 1 mM cisplatin in 0.9% NaCl was stored in the dark at room temperature. Paclitaxel was dissolved in dimethyl sulfoxide, diluted with saline to form a stock solution of 5 M, and stored at Ϫ20°C. Topotecan was purchased from SmithKline Beecham Pharmaceuticals (King of Prussia, PA), dissolved in deionized water, and stored as a 10 M stock solution at Ϫ20°C. The clinical formulation of gemcitabine was purchased from Eli Lilly and Co. (Indianapolis, IN) and was diluted directly in tissue culture medium.
Cell Lines. Clones of the human colorectal adenocarcinoma cell line HCT116 that had undergone chromosome 3 transfer (clone HCT116/3-6, identified here as HCT116ϩch3) and chromosome 2 transfer (clone HCT116/2-1, identified here as HCT116ϩch2) were obtained from Drs. C. R. Boland, M. Koi, and T. A. Kunkel (Koi et al., 1994) . The human endometrial adenocarcinoma cell line HEC59 and its subline complemented with chromosome 2 (HEC59ϩch2) were also obtained from Drs. C. R. Boland, M. Koi, and T. A. Kunkel (Umar et al., 1997) . These cell lines were maintained in Iscove's modified Dulbecco's medium (Irvine Scientific Co., Inc., Irvine, CA) containing 10% FBS and 400 g/ml geneticin (Life Technologies, Inc., Grand Island, NY) for HCT116ϩch2 and HCT116ϩch3 and 600 g/ml for HEC59ϩch2. The absence and presence of human MLH1 protein in HCT116ϩch2 and HCT116ϩch3 cells, as well as of MSH2 in HEC59 and in HEC59ϩch2, were verified by immunoblot analysis (data not shown). All cell lines tested negative for contamination with Mycoplasma spp.
Assay for Frequency of Resistant Variants. Two million cells were seeded into 10 ml of medium in 75-cm 2 flasks and allowed to grow exponentially for 2 days. Cells were then exposed for 1 h to increasing concentrations of cisplatin. Thereafter, the cells were washed twice and recultured in regular medium for 10 to 14 days, during which the cultures were split 2:1 as needed to keep them from becoming confluent. All the cells were then trypsinized and seeded into each of five 100-mm tissue culture dishes at 100,000 cells/dish. A concentration of drug resulting in a cloning efficiency of approximately 0.0002% was added. These concentrations for the HCT116ϩch2 and HCT116ϩch3 cells were 12.5 and 10 nM topotecan, 30 and 10 nM gemcitabine, and 30 and 10 nM paclitaxel, respectively; for the HEC59 and HEC59ϩch2 cells, they were 8.0 and 6.0 nM topotecan, 15 nM gemcitabine, and 6.0 and 3.0 nM paclitaxel, respectively. At the same time, either 250 (in the case of the HCT116ϩch2 and HCT116ϩch3 cells) or 300 (in the case of the HEC59 and HEC59ϩch2 cells) were seeded into each of three 60-mm dishes in drug-free medium for determination of cloning efficiency. After 14 days, colonies were counted after staining with 0.1% crystal violet. The resistant frequency was calculated from the equation:
, where a is the number of colonies present in the five drug-treated dishes, and b is the cloning efficiency. Each experiment was performed a minimum of three times, and the data are presented as mean Ϯ S.D.
Measurement of Rate of Generation of Resistant Variants. The rate of spontaneous generation of resistant variants was measured using a refined version of the "maximum likelihood estimation" technique . Briefly, populations of HCT116ϩch2 and HCT116ϩch3 cells were grown exponentially in 25-cm 2 flasks. The frequencies of resistant variants in the cultures were measured as described above, and 1 ϫ 10 5 cells were subcultured in a 25-cm 2 flask in 5 ml of regular medium and allowed to proliferate for 4 days. The frequency of resistant variants was then measured again, and the process repeated for a total of five iterations. Total cell numbers were determined at each step, and plating efficiencies from the previous selection, along with the exact number of cells subcultured, were used to calculate population doubling according to the following equation Statistical Analysis. Frequency and rate data were analyzed by use of a two-sided paired Student's t test with the assumption of unequal variances.
Results
The concentration-survival curves for cisplatin for the MMRproficient HCT116ϩch3 and MMR-deficient HCT116ϩch2 cells are shown in Fig. 1A , and those for the MMR-deficient HEC59 and MMR-proficient HEC59ϩch2 cells are shown in Fig. 1B . Figure 2 summarizes the number of resistant colonies/10 6 clonogenic cells for all three drugs as a function of cisplatin con- Based on extrapolation of the curve presented in Fig. 2A , this corresponded to an IC 99.9 exposure. The magnitude of the difference between the cell lines was similar across the whole cisplatin concentration range tested. Based on the ratio of the slopes of the curves, the MMR-deficient cells were 2.6 Ϯ 0.3 (S.D.)-fold more sensitive to the ability of cisplatin to generate resistant variants (P ϭ .003, n ϭ 3). Figure 2B shows the number of gemcitabine-resistant colonies as a function of cisplatin concentration. After exposure to cisplatin, the MMRdeficient cells yielded 3.6 Ϯ 0.9 (S.D.)-fold more colonies resistant to gemcitabine than did the MMR-proficient cells (P ϭ .004, n ϭ 3). The same thing was observed for paclitaxel. As shown in Fig. 2C , cisplatin produced 2.3 Ϯ 0.1 (S.D.)-fold more paclitaxel-resistant colonies from the population of MMR-deficient cells than did the MMR-proficient cells (P ϭ .006, n ϭ 3). As for topotecan, there was a relatively linear increase in number of colonies/10 6 clonogenic cells that were resistant to gemcitabine and paclitaxel as a function of cisplatin concentration.
Among the three drug-resistant phenotypes scored and based on the slope of the curves presented in Fig. 2 , cisplatin was most potent in producing topotecan-resistant variants in both the MMR-proficient and -deficient cells. The relative effectiveness in producing resistant variants was 1:0.62:0.24 for topotecan/gemcitabine/paclitaxel in the MMR-proficient cells and 1:0.83:0.22 for the MMR-deficient cells for the same cisplatin exposure.
HCT-116 cells are MMR deficient due to mutations in both alleles of the MLH1 gene (Hemminki et al., 1994) . To determine whether the enhanced sensitivity to the ability of cisplatin to generate resistant variants was limited to this particular pair of cells or was unique to loss of MLH1, the sensitivity of another pair of MMR-proficient and -deficient cells was examined. HEC59 cells have mutations in both alleles of MSH2 that disable MMR, whereas the HEC59ϩch2 cells, in which a wild-type copy of MSH2 has been transferred on chromosome 2, are MMR proficient (Umar et al., 1997) . Figure 3 shows that cisplatin was 1.35 Ϯ 0.31 (P ϭ .018, n ϭ 6)-and 1.42 Ϯ 0.39 (P ϭ .037, n ϭ 6)-fold more potent at generating topotecan-and gemcitabine-resistant variants, respectively, in the MMR-deficient HEC59 cells than in the MMR-proficient HEC59ϩch2 cells. The ratio for paclitaxel was 1.14 Ϯ 0.56 (P ϭ .702, n ϭ 6), indicating that cisplatin was not more potent at generating paclitaxel-resistant variants in the MMR-deficient cells. In this model, the ratio of topotecan, gemcitabine, and paclitaxel variants generated was 1:0.95:0.56 for the MMR-deficient cells and 1:0.96:0.70 for the MMR-proficient cells. The spontaneous rate of generation of variants resistant to topotecan, gemcitabine, and paclitaxel was determined by repeatedly measuring the frequency of resistant variants in expanding populations of the HCT116ϩch2 and HCT116ϩch3 cells, and the results are shown in Fig. 4 and Table 1 . MMRdeficient HCT116 cells exhibited a 1.95-fold increase in spontaneous rate of generation of variants resistant to topotecan compared with MMR-proficient HCT116ϩch3 cells (P ϭ .026, n ϭ 3). The MMR-deficient cells also had a 1.51-fold higher rate of generation of variants resistant to gemcitabine (P ϭ .025, n ϭ 3). However, the rate of 5.5 ϫ 10 Ϫ7 for the generation of variants resistant to paclitaxel in the HCT116ϩch2 cells was similar to the rate of 5.8 ϫ 10 Ϫ7 observed in the HCT116ϩch3 cells (P ϭ .789).
Discussion
The major finding that emerges from these experiments is that in two independent model systems, loss of MMR increases the ability of cisplatin to generate human tumor cell variants resistant to the topoisomerase I inhibitor topotecan, the antimetabolite gemcitabine, and the tubulin depolymerization inhibitor paclitaxel. Topotecan, gemcitabine, and paclitaxel are representative of three different classes of agents that are commonly used, either in combination or sequentially, with cisplatin during the treatment of human cancer. Although the specific mechanisms by which cisplatin generates these resistant variants are not yet understood, in the case of topotecan and gemcitabine, it has already been established that resistance can result from mutations in either topoisomerase I (Benedetti et al., 1993) or deoxycytidine kinase (Owens et al., 1992) genes, respectively. In the case of paclitaxel, whose target is the ␤ tubulins, the role of single mutations in mediating resistance has not been established. However, previous studies have documented that paclitaxelresistant variants arise at a rate as high as that for etoposide, another drug with a single molecular target in the cell (Dumontet et al., 1996) . Thus, it is reasonable to speculate that the resistance in some of the surviving clones reflects mutations produced by cisplatin in the topoisomerase I, deoxycytidine kinase, and ␤ tubulin genes.
It is important to point out that the experimental approach used in these studies measures what is commonly referred to as the "mutant frequency," but it is not known whether the surviving colonies are in fact true genetic mutants or whether they are phenotypically stable. Because the drugresistant phenotype was not scored until 10 days after the cisplatin exposure and because it persisted during at least the five cell divisions required to form a colony, the resistant state is unlikely to be due to a transient epigenetic effect. In addition, from the point of view of the cancer chemotherapist, what is important is whether at 10 days after a cisplatin exposure, the population of tumor cells contains within it a larger number of cells that will survive exposure to topotecan, gemcitabine, or paclitaxel. Such cells can contribute significantly to clinical failure regardless of whether they are true genetic mutants or have a stable phenotype. Because topotecan, gemcitabine, and paclitaxel are so often used in combination with or sequentially after cisplatin, the ability of cisplatin to generate resistant variants has the potential of limiting the effectiveness of such combinations. One would predict that resistance would emerge more rapidly in tumors containing larger number of MMR-deficient cells. At the present time, no truly isogenic pairs of human tumor cells are available that differ solely by virtue of mutations in one or another of the genes that are required for MMR. Thus, the HCT116 and HEC59 sublines were used as surrogates with the recognition that the MMR-deficient and -proficient sublines differ in the expression of other genes as well. However, the observation that the MMR-deficient HCT116ϩch2 cells are hypersensitive to the ability of cisplatin to generate resistant variants was reproduced in the HEC59 cell system as well, and the other phenotypic differences thus far identified between these pairs have been linked to loss of MMR (Koi et al., 1994; Umar et al., 1997) .
Based on the slopes of the curves of the number of resistant variants/10 6 clonogenic cells as a function of cisplatin concentration, cisplatin was 4.4-and 1.6-fold, respectively, more effective in generating topotecan-resistant variants in the HCT116 and HEC59 cell systems and 3.2-and 1.5-fold, respectively, more effective in generating gemcitabine-resistant variants than in producing paclitaxel-resistant variants. The magnitude of the effect of MMR loss on the ability of cisplatin to generate resistant variants was generally greater in the HCT116 model than in the HEC59 model. Whether this reflects differences in residual MMR function due to mutations in MLH1 versus MSH2 awaits further investigation with true knockout cell pairs. It is possible that in hMLH1-deficient cells, the MSH2/MSH6 heterodimer still recognizes and processes the cisplatin adduct in a manner that contributes to a mutagenic propensity that is even greater than that resulting from the simple failure to recognize the cisplatin adduct that appears to accompany MSH2 loss.
The HCT116ϩch2 cells have previously been shown to have a higher rate of mutation to 6-thioguanine due to mutations in hypoxanthine guanine phosphoribosyl transferase (Bhattacharyya et al., 1994; Aquilina et al., 1995) . The results of the current study add topotecan and gemcitabine, two other drugs for which resistance can arise as a result of mutations in single gene, to the list of drugs for which the spontaneous rate of generation of resistant variants is increased in MMR-deficient HCT116ϩch2 cells. These cells did not, however, demonstrate an increased rate of generation of variants resistant to paclitaxel. This observation, and the fact that cisplatin was less effective in producing paclitaxel-resistant variants than topotecan-or gemcitibine-resistant variants, may be related to the fact that paclitaxel works by binding to the ␤ subunit of tubulin, of which there are six distinct isotypes in mammalian cells, some of which may be functionally redundant.
The ability of cisplatin to simultaneously select for the overgrowth of MMR-deficient cells, and to more readily generate variants resistant to drugs commonly used in combination with it, suggests that the presence of such cells in a tumor may predispose to the rapid emergence of drug resistance and treatment failure.
